Autophagy, a cellular self-eating mechanism, is important for maintaining cell survival and tissue homeostasis in various stressed conditions. Although the molecular mechanism of autophagy induction has been well studied, how cells terminate autophagy process remains elusive. Here, we show that ULK1, a serine/threonine kinase critical for autophagy initiation, is a substrate of the Cul3-KLHL20 ubiquitin ligase. Upon autophagy induction, ULK1 autophosphorylation facilitates its recruitment to KLHL20 for ubiquitination and proteolysis. This autophagystimulated, KLHL20-dependent ULK1 degradation restrains the amplitude and duration of autophagy. Additionally, KLHL20 governs the degradation of ATG13, VPS34, Beclin-1, and ATG14 in prolonged starvation through a direct or indirect mechanism. Impairment of KLHL20-mediated regulation of autophagy dynamics potentiates starvation-induced cell death and aggravates diabetes-associated muscle atrophy. Our study identifies a key role of KLHL20 in autophagy termination by controlling autophagydependent turnover of ULK1 and VPS34 complex subunits and reveals the pathophysiological functions of this autophagy termination mechanism.
INTRODUCTION
Autophagy is characterized by the formation of double-membrane vesicles called autophagosomes, which deliver macromolecules and organelles from the cytoplasm to lysosomes for degradation Mizushima, 2011) . In response to stressed conditions, such as nutrient starvation and energy deprivation, the rapid induction of autophagy plays a key role in maintaining cell homeostasis and survival (Kroemer et al., 2010) . Consistent with its critical function, autophagy is involved in a variety of processes ranging from aging to development. Deregulation of autophagy has been implicated in disease states, such as cancers, neurodegenerative diseases, infectious diseases, and myopathy (Choi et al., 2013; Jiang and Mizushima, 2014; Levine and Kroemer, 2008; Mizushima and Levine, 2010) .
Autophagy is a multistep process in which distinct sets of proteins govern different steps (Nakatogawa et al., 2009; Yang and Klionsky, 2010) . The ULK1 complex comprises the serine/threonine kinase ULK1 and regulatory components ATG13, FIP200, and ATG101 and plays a pivotal role in autophagy initiation (Mizushima, 2010; Wirth et al., 2013; Wong et al., 2013) . Under stressed conditions, ULK1 catalytic activity is induced through AMPK-mediated phosphorylation and/or loss of mTOR-mediated repression (Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009; Kim et al., 2011) . The activated ULK1 phosphorylates downstream targets to trigger autophagy cascade. The VPS34 complex, formed by the class III phosphatidylinositol-3-kinase VPS34, VPS15, Beclin-1, and ATG14, is regulated by ULK1 through multiple mechanisms. ULK1 complex and its activity are critical for the recruitment of VPS34 complex to phagophores (Fan et al., 2011; Itakura and Mizushima, 2010; Matsunaga et al., 2010) . ULK1 phosphorylates the Beclin-1-binding partner AMBRA1, thereby inducing the translocation of Beclin-1/AMBRA1 complex from cytoskeletons to endoplasmic reticulum (Di Bartolomeo et al., 2010) . Furthermore, ULK1 phosphorylates Beclin-1 in the ATG14-containing VPS34 complex, which stimulates VPS34 activity (Russell et al., 2013) . Activation of VPS34 leads to the production of PI3P, which recruits multiple autophagy components to facilitate the nucleation and expansion of autophagosome membranes (O Farrell et al., 2013; Proikas-Cezanne et al., 2015) .
Despite that the mechanisms for autophagy induction and autophagosome biogenesis have been intensively studied, relatively little is known regarding how autophagy process is turned off. Autophagy is a self-limiting process. Failure of autophagy termination under prolonged starvation would lead to unrestrained cellular degradation, which could generate detrimental effects on cells and tissues (Liang, 2010; Liu and Levine, 2015) .
One way to terminate autophagy involves mammalian target of rapamycin (mTOR) reactivation induced by the regeneration of intracellular nutrients from autolysosome-mediated degradation (Yu et al., 2010) . However, to ensure that autophagic machinery can respond to each run of stimulation in a timely fashion, rapid deactivation/degradation of autophagic proteins through a negative feedback regulation would be an ideal mechanism. In support of this notion, yeast and Arabidopsis ATG1 are targeted to autophagy-dependent degradation in vacuoles (Kraft et al., 2012; Nakatogawa et al., 2012; Suttangkakul et al., 2011) . Although mammalian ULK1 similarly undergoes an autophagy-dependent downregulation, proteasomes play a more important role than autolysosomes in this degradation (Alemu et al., 2012) . However, the molecular insight of this ULK1 proteasomal degradation remains undetermined.
Ubiquitination is a major mechanism that targets protein to proteasomes for degradation, and the roles of ubiquitin in autophagy regulation are just emerging. Among the components of autophagy machinery, VPS34 complex is the most popular target for ubiquitin modification. VPS34 and ATG14 ubiquitination and degradation are mediated by FBXL20-containing Cul1 and ZBTB16-based Cul3 ubiquitin ligases in response to DNA damage and G protein-coupled receptor signaling, respectively (Xiao et al., 2015; Zhang et al., 2015) . Beclin-1 undergoes K11 and K48 ubiquitination by Nedd4 and RNF216 ligases, respectively, leading to its degradation and autophagy inhibition (Platta et al., 2012; Xu et al., 2014) . Conversely, USP10/USP13-mediated deubiquitination stabilizes Beclin-1 (Liu et al., 2011) . Interestingly, AMBRA1 is itself a substrate adaptor of Cul4 ubiquitin ligase. Both AMBAR1-based Cul4 ligase and TRAF6 confer K63-ubiquitination of Beclin-1, thereby promoting autophagy (Shi and Kehrl, 2010; Xia et al., 2013) . However, AMBAR1 is transiently dissociated from Cul4 ligase in the early stage of autophagy through an ULK1-dependent manner. The dissociated AMBRA1 inhibits Cul5 ubiquitin ligase to stabilize mTOR inhibitor DEPTOR, thereby establishing a positive feedback loop to facilitate a rapid induction of autophagy (Antonioli et al., 2014) . AMBRA1 also acts as a cofactor for TRAF6-mediated K63-ubiquitination of ULK1, which promotes ULK1 stability and function (Nazio et al., 2013) . This mechanism, together with the effect of ULK1 on AMBRA1 phosphorylation and activation, constitutes another positive feedback loop to accelerate autophagy induction. Thus, ubiquitin-mediated positive feedback regulations represent an important mechanism for the rapid onset of autophagy. It remains unclear whether ubiquitination could participate in negative feedback regulation to restrain autophagy activity.
KLHL20 was identified in our laboratory as a substrate adaptor of Cul3 ubiquitin ligase and binds Cul3 and substrate via its BTB domain and kelch-repeat domain, respectively (Lee et al., 2010) . In this study, we show that KLHL20-based ubiquitin ligase coordinates the degradation of a set of autophagic proteins in prolonged starvation, thereby negatively regulating the duration and amplitude of autophagy response. We provide evidence indicating that this autophagy-modulating function of KLHL20 is critical for maintaining cell and tissue homeostasis.
RESULTS

ULK1
Is a Substrate of the Cul3-KLHL20 Ubiquitin Ligase ULK1 was recovered from a yeast two-hybrid screen with the kelch-repeat domain of KLHL20 as bait ( Figure S1A ). Accordingly, association of KLHL20 with ULK1 was detected in co-transfected mammalian cells by reciprocal immunoprecipitations ( Figures 1A and 1B) . Domain-mapping analysis revealed that the kelch-repeat domain, rather than the BTB domain, of KLHL20 was responsible for interacting with ULK1 ( Figure 1B) . Furthermore, binding of the endogenous ULK1 to Flag-KLHL20 or endogenous KLHL20 was observed ( Figures 1C and 1D ). In vitro binding assay detected the interaction between purified ULK1 and purified KLHL20 ( Figure 1E ). These data collectively indicate that ULK1 is a physiological and direct binding protein of KLHL20. We further showed that Flag-ULK1 was readily associated with endogenous Cul3, and this association was blocked by KLHL20 depletion ( Figure 1F ). These data support the formation of a Cul3-KLHL20-ULK1 tripartite complex in which KLHL20 mediates the interaction between ULK1 and Cul3.
We next evaluated whether ULK1 is a substrate of the Cul3-KLHL20 ubiquitin ligase. Co-expression of Cul3, KLHL20, and Roc1 (the catalytic subunit of Cul3 family ligases) in 293T cells potentiated ULK1 ubiquitination, which was abrogated by omission of KLHL20 or replacement of KLHL20 with a mutant that cannot bind Cul3 (Lee et al., 2010) (Figure 2A ). Conversely, KLHL20 depletion significantly decreased ULK1 ubiquitination ( Figure 2B ). Furthermore, ULK1 underwent polyubiquitination in vitro in the presence of Roc1-Cul3-KLHL20 complex (Figure 2C) . These data indicate that ULK1 is a direct and physiological substrate of KLHL20-based E3 ligase. We then investigated the consequence of KLHL20-mediated ULK1 ubiquitination. KLHL20 overexpression downregulated ULK1, and this effect was not observed with the Cul3 binding-defective mutant of KLHL20 ( Figure 2D ). Conversely, KLHL20 knockdown increased ULK1 abundance ( Figure 2E ). Consistent with the role of ubiquitin-mediated proteasomal degradation, KLHL20-induced ULK1 downregulation was mitigated by proteasome inhibitor MG132 ( Figure 2F ). KLHL20 also increased the turnover of ULK1 protein, whereas KLHL20 knockdown stabilized ULK1 (Figures 2G and 2H) . Thus, KLHL20-mediated ULK1 ubiquitination leads to its proteasomal degradation.
Consistent with the function of KLHL20 as a substrate adaptor of Cul3 ubiquitin ligase, Cul3 knockdown increased ULK1 abundance and decreased ULK1 ubiquitination (Figures S1B and S1C). These findings support that Cul3-KLHL20 ubiquitin ligase potentiates ULK1 ubiquitination and proteolysis. KLHL20 Mediates Starvation-Induced ULK1 Ubiquitination and Degradation to Contribute to Autophagy Termination Since ULK1 is a key player in the autophagy initiation, we sought to determine whether autophagy process can influence on KLHL20-dependent ULK1 degradation. Consistent with a previous study (Alemu et al., 2012) , the ULK1 protein level was gradually declined when cells were starved by culturing in Earle's balanced salt solution (EBSS). Importantly, this ULK1 downregulation was greatly alleviated by KLHL20 depletion ( Figure 3A) . Furthermore, the K48-linked ubiquitination of ULK1 was progressively increased with the extension of starvation period, and this phenomenon was completely abrogated by KLHL20 knockdown ( Figure 3B ). A similar finding was observed on endogenous ULK1 ( Figure 3C ). We thus determined the effect of KLHL20 on autophagy dynamics. In control cells, the LC3-positive puncta were rapidly increased within 1 hr of starvation, reached to the highest level at 2-4 hr, and then declined. In KLHL20-depleted cells, however, the LC3 puncta were increased persistently during the 8-hr starvation period ( Figure 3D ). To determine whether this effect was due to an increase in autophagy induction or a defect in autophagic flux, we assayed ATG16 puncta, which indicate phagophores or (legend continued on next page) prephagophore structures (Itakura and Mizushima, 2010) . In contrast to a transient induction of ATG16 puncta seen in control cells, KLHL20-depleted cells exhibited a persistent elevation of such puncta during the 8-hr starvation period ( Figure S2A ). The effect of KLHL20 on autophagy dynamics was also monitored by LC3 lipidation (i.e., LC3-II). To specifically focus on the autophagy induction effect, cells were treated with bafilomycin A1 to block autophagic turnover. Compared with control cells, KLHL20-depleted cells displayed a more persistent elevation of LC3-II during the entire starvation period ( Figure 3E ). As an alternative method to measure autophagy activity, we determined autophagic degradation by analyzing p62 and total LC3 levels. Compared with control cells, KLHL20 knockdown led to a steeper decline of p62, which was reversed by bafilomycin A1 treatment ( Figure 3F ). Likewise, LC3 degradation was greater in KLHL20 knockdown cells than control cells under prolonged starvation ( Figure 3G ). Thus, our data support a role of KLHL20 in promoting ULK1 degradation during prolonged starvation to prevent unrestrained autophagic activity.
Importantly, ULK1 downregulation was also observed under prolonged amino acid deprivation through a KLHL20-dependent mechanism ( Figure S2B ). By analyzing LC3 puncta and LC3-II level, we found that KLHL20 knockdown led to an unrestrained autophagy activity that was most prominent at the late stage of amino acid deprivation ( Figures S2C and S2D ). Our data indicate a crucial role of KLHL20 in autophagy termination during prolonged stress conditions.
ULK1 Autophosphorylation Promotes Its Ubiquitination and Degradation by KLHL20
Next, we determined the underlying mechanism for autophagystimulated, KLHL20-dependent ULK1 degradation. Starvation significantly enhanced the formation of KLHL20-ULK1 complex, but did not affect the autoubiquitination capability of KLHL20 ( Figures 4A, S3A , and S3B). Consistently, GST-KLHL20 could pull down a higher amount of ULK1 from lysates of starved cells than fed cells ( Figure 4B ). Furthermore, treatment of the former lysates with calf intestinal phosphatase abrogated ULK1 binding to GST-KLHL20, suggesting that ULK1 phosphorylation accounts for its enhanced interaction with KLHL20 in starvation. Although ULK1 is phosphorylated by AMPK, the AMPK phosphorylation-mimetic mutant of ULK1 (5D) did not exhibit an enhanced interaction with KLHL20 in fed cells ( Figure S3C ). Previous mass spectrometry analysis identified S1042/T1046 as ULK1 autophosphorylation sites (Dorsey et al., 2009 ). We generated mutant that mimics (DD) or blocks (AA) this autophosphorylation and confirmed that these mutations did not affect ULK1 catalytic activity ( Figure S3D ). In both overexpressed and reconstituted cells cultured in fed conditions, DD mutant bound KLHL20 stronger than WT ULK1 ( Figures 4C and 4D) . Furthermore, starvation did not significantly enhance the association of DD with KLHL20 ( Figure 4C ). DD mutant was also more prone to ubiquitination by KLHL20-based E3 ligase and degradation by KLHL20 overexpression (Figures 4E and 4F) . Accordingly, DD mutant displayed a faster turnover than WT ULK1 in reconstituted cells cultured in nutrient-rich conditions ( Figure 4G ). All these data support that DD mutant is more susceptible to KLHL20 in the absence of autophagy stimuli. In a reciprocal set of experiments, we compared AA mutant with WT ULK1. In a sharp contrast to the WT ULK1, starvation failed to promote the association of AA mutant with KLHL20 ( Figure 4H ). Consequently, starvation-induced ubiquitination and degradation were all impaired with this mutant (Figures 4I and S3E ). Similar findings were observed with WT and AA mutant reconstituted in ULK1-knockdown cells or ULK1-knockout MEFs ( Figures  4J-4L ). AA mutant was also resistant to degradation under amino acid-deprived conditions ( Figure S4A ). Consistent with the requirement of ULK1 catalytic activity for its autophosphorylation, ULK1 kinase-dead mutant (K46I) reconstituted in ULK1 knockdown cells was refractory to starvation-induced ubiquitination and degradation (Figures 4K and 4L) . Together, these results indicate that ULK1 autophosphorylation at S1042/T1046 potentiates its recruitment to the KLHL20-associated E3 ligase for ubiquitination and degradation.
ULK1 Autophosphorylation Contributes to Autophagy Termination
Next, we investigated the impact of ULK1 autophosphorylation at S1042/T1046 on autophagy termination. Importantly, while reconstitution of WT ULK1 in ULK1-depleted cells restored the transient induction of autophagosomes, reconstitution with AA mutant resulted in a more persistent autophagosome formation in response to starvation or amino acid deprivation ( Figures  5A and S4B) . The ULK1AA-reconstituted cells also showed a more sustained induction of ATG16 puncta than WT ULK1-reconstituted cells during prolonged starvation ( Figure 5B ). In line with these findings, ULK1AA-reconstituted cells exhibited increased degradations of p62 and LC3 in response to prolonged starvation or amino acid deprivation ( Figures 5C and  S4C) . Our results demonstrated a role of ULK1 autophosphorylation in autophagy termination. KLHL20 Controls Autophagy-Induced Turnover of Multiple ULK1 and VPS34 Complex Subunits ULK1 is known to enhance the stability of its partner, ATG13 (Joo et al., 2011) , suggesting that the autophagy-induced, KLHL20-dependent turnover of ULK1 would result in ATG13 destabilization. Indeed, ATG13 protein was downregulated upon starvation through a KLHL20-dependent manner ( Figure S5A ), while the abundance of FIP200 was not affected ( Figure 6A ). The starvation-induced ATG13 degradation was reversed by reconstituting the ULK1-depleted cells with ULK1AA mutant, but not with WT ULK1 (Figure S5B ), further supporting a role of KLHL20-mediated ULK1 degradation in ATG13 turnover. However, ATG13 purified from starved cells failed to be ubiquitinated by KLHL20-based E3 ligase in an in vitro ubiquitination assay, (E) Western blot analysis of LC3-II levels in cells generated in (D) and cultured in EBSS containing bafilomycin A1. The relative amounts of LC3-II are indicated. (F and G) Western blot analysis of p62 and LC3 levels in HeLa derivatives generated in Figure S2A and cultured in EBSS with or without bafilomycin A1. The relative amounts of p62 and total LC3 (LC3-I + LC3-II) are indicated. See also Figure S2 .
indicating that ATG13 is not a substrate of this E3 ligase (Figure S5C) . We conclude that KLHL20 controls autophagy-dependent ATG13 turnover through an indirect and ULK1-dependent mechanism.
Interestingly, the abundance and stability of two other autophagy regulators, VPS34 and Beclin-1, were also progressively decreased in response to starvation, and their degradation was blocked by KLHL20 knockdown (Figures 6A and S5D) . Consistently, K48 ubiquitination of Beclin-1 and VP34 was increased during starvation through a KLHL20-dependent manner ( Figure 6B ). Furthermore, KLHL20 was readily associated with Beclin-1 and VPS34, and these associations were enhanced upon prolonged starvation ( Figure 6C ). We thus determined whether the two proteins are substrates of KLHL20-based E3 ligase. In vitro binding and ubiquitination assays revealed that Beclin-1 purified from starved or fed cells bound equally well to KLHL20 and was ubiquitinated to a similar extent by KLHL20-based E3 ligase ( Figures 6D and S5E ). Similar findings were observed with VPS34. These data indicate not only VPS34 and Beclin-1 as direct substrates of KLHL20-based E3 ligase, but also the existence of a posttranslational modification-independent mechanism underlying their increased association with KLHL20 during prolonged starvation. We noticed that, unlike the evenly distributed Cul3 (Figure S5F ), KLHL20 in starved cells was enriched in punctate structures. Intriguingly, these KLHL20-positive puncta were frequently situated at the edge of ATG16 puncta, but not at lysosomes/autolysosomes ( Figures 6E and  S5F ). Furthermore, a partial co-localization of Beclin-1 with KLHL20 in ATG16-positive phagophore structures was also frequently observed ( Figure S5G ). These findings prompted us to investigate whether recruitment of VPS34 complex to phagophores facilitates the targeting of VPS34 and Beclin-1 to KLHL20. Previous studies indicated that ATG14 is responsible for targeting VPS34 complex to phagophores, and the BATS domain of ATG14 is required for this activity (Fan et al., 2011; Sun et al., 2008) . We found that ATG14 depletion decreased the recruitment of VPS34 and Beclin-1 to KLHL20 in prolonged starvation ( Figure 6F ). Likewise, ATG14-depleted cells reconstituted with ATG14 BATS domain mutant (WFY mutant) displayed a reduction in the recruitment of VPS34 and Beclin-1 to KLHL20 under prolonged starvation compared with WT ATG14-reconstituted cells ( Figure S5H ). Consequently, starvation-induced VPS34 and Beclin-1 ubiquitination and degradation were greatly impaired in ATG14 mutant-reconstituted cells (Figures 6G and 6H) . Consistent with the prerequisite of ULK1 activity for the phagophore recruitment of VPS34 complex, ULK1 depletion abrogated starvation-induced ubiquitination and degradation of Beclin-1 and VPS34 (Figures S6A and S6B) . Thus, phagophore targeting of VPS34 complex facilitates the recruitment of VPS34 and Beclin-1 to KLHL20 for ubiquitination and degradation.
Previous studies indicated that VPS34 and Beclin-1 are both required for the stability of ATG14 (Itakura et al., 2008; Thoresen et al., 2010) . Accordingly, ATG14 was downregulated in prolonged starvation through a KLHL20-dependent manner (Figure S6C ). However, ATG14 purified from starved cells could not be ubiquitinated by KLHL20-based E3 ligase in vitro (Figure S6D) , indicating an indirect role of KLHL20 in promoting ATG14 turnover. Together, our study revealed that KLHL20 is a key regulator of autophagy termination by promoting autophagy-induced degradation of multiple ULK1 and VPS34 complex components.
Impairment of KLHL20-Mediated Autophagy Termination Promotes Cell Death and DiabetesAssociated Muscle Atrophy
Recent studies indicated that negative feedback regulation of autophagy can influence on life and death decisions of cells (Antonioli et al., 2014; Fü llgrabe et al., 2013) . In line with these reports, starvation induced a higher level of cell death in ULK1-depleted cells reconstituted with ULK1AA mutant than in WT ULK1-reconstituted cells ( Figure 7A ). Furthermore, KLHL20 depletion enhanced starvation-induced cell death, which was blocked by administration of a low dose of bafilomycin A1 (Figure 7B) . Thus, unrestrained autophagy induced by KLHL20 knockdown or persistent ULK1 expression plays a detrimental role in cell survival.
Next, we investigated the in vivo function of KLHL20-mediated autophagy termination in a pathological setting. Proper balance of autophagic flux plays a pivotal role in maintaining skeletal muscle homeostasis, and insufficient or excessive autophagy activity leads to muscle wasting and myopathic conditions (Levine and Kroemer, 2008; Neel et al., 2013) . We therefore generated muscle-specific KLHL20 knockout mice by crossing 
KLHL20
fl/+ mice with a transgenic line expressing Cre recombinase under the control of human skeletal actin (HSA) promoter (Schwander et al., 2003) (hereafter referred to as KLHL20 KO mice) ( Figure S7A ). Successful recombination resulting in the deletion of floxed sequences was confirmed by PCR analysis of genomic DNA from skeletal muscles ( Figure S7B ). Accordingly, KLHL20 mRNA and protein expression were drastically reduced in skeletal muscles of homozygous mice, whereas KLHL20 mRNA expression was not affected in many other tissues (Figures 7C and S7C) . The trace amount of KLHL20 seen in the muscles of homozygous mice was likely due to the presence of other cell types in muscle tissues. To evaluate the impact of autophagymodulating function of KLHL20 on muscle homeostasis, we undertook an experimental diabetes model by challenging mice with streptozotocin (STZ). This model is known to induce autophagy in skeletal muscles, which is accompanied with a muscle wasting phenotype (Sala et al., 2014) . We found that STZ administration similarly elevated blood glucose levels in control and KLHL20 KO mice ( Figure S7D ). However, STZ induced more severe reductions in muscle weight and cross-sectional area of muscle fibers in KLHL20 KO mice than in control mice ( Figures  7D and 7E) . Importantly, KLHL20 KO mice showed higher levels of LC3-II and lower levels of p62 than control mice upon diabetes induction ( Figures 7F and 7G) . Accordingly, several ULK1 and VPS34 complex components, such as ULK1, ATG13, VPS34, Beclin-1, and ATG14, were all accumulated to higher levels in the muscles of diabetic KLHL20 KO mice than control mice ( Figures  7H and S7E) . Consistently, electron microscopy analysis revealed an elevation of autophagosome/autolysosome-related structures in the muscles of KLHL20 KO mice than in control mice after STZ treatment ( Figure S7F ). These findings support a higher autophagy activity in KLHL20 KO mice than control mice in response to STZ-induced diabetes. To corroborate that the enhanced muscle wasting phenotype seen in diabetic KLHL20 KO mice is dependent on autophagy, we treated mice with chloroquine, which blocks autophagic degradation. Under such conditions, KLHL20 KO mice and control mice displayed similar reductions in muscle weight and cross-sectional area of muscle fibers ( Figures 7I and 7J) . Consistent with the blockage of autophagic degradation, p62 levels were similar in control and KLHL20 KO mice upon co-treatment with STZ and chloroquine ( Figure 7G ). Together, our data are consistent with an idea that impairment of KLHL20-mediated negative regulation of autophagy enhances diabetes-associated muscle atrophy.
DISCUSSION
In this study, we uncover a key role of ubiquitin-proteasome system in autophagy termination and identify the critical function of KLHL20-based ubiquitin ligase in this process. Upon autophagy induction, KLHL20 orchestrates the degradation of multiple components of the ULK1 and VPS34 complexes, including ULK1, ATG13, VPS34, Beclin-1, and ATG14, through a direct or indirect mechanism. Thus, although the catalytic activities of ULK1 and VPS34 are rapidly induced during the early stage of autophagy, the abundance of these two complexes is gradually declined. This destruction of multiple proteins that act in the early steps of autophagy would comprise a timely and effective negative feedback mechanism to restrain autophagy activity, thereby shaping the dynamics of autophagy. In line with this notion, KLHL20 depletion significantly increases the amplitude and duration of autophagy response. Thus, our study identifies KLHL20 as a master regulator of autophagy termination and uncovers an intriguing crosstalk between ubiquitin-proteasome system and autophagy-lysosome system.
We show that ULK1 autophosphorylation at S1042/T1046 potentiates its interaction with KLHL20, leading to ULK1 degradation. Notably, a previous study revealed that ULK1 kinase-dead mutant (K46R) is less stable than WT protein and concluded a stabilization effect of ULK1 autophosphorylation (Dorsey et al., 2009 ). However, this previous study did not examine the stability of ULK1 autophosphorylation site mutants and therefore cannot rule out the possibility for a 1042/1046 autophosphorylationindependent mechanism responsible for the destabilization of K46R mutant. Conversely, our study has provided substantial evidence for the destabilization effect of ULK1 autophosphorylation at S1042/T1046. This finding also indicates a tight coupling of ULK1 catalytic activity to its degradation, an ideal mode for negative feedback regulation. Indeed, ablation of this ULK1 autophosphorylation leads to persistent autophagic activity. Notably, previous studies indicated that yeast and Arabidopsis ATG1 are targeted to autophagosomes and eventually degraded in vacuoles (Suttangkakul et al., 2011 ). An evolutionarily conserved LIR motif in ATG1 mediates its interaction with ATG8, making ATG1 a cargo of autophagy (Kraft et al., 2012; Nakatogawa et al., 2012) . Although mammalian ULK1 is targeted to autophagosomes through a similar mechanism, its degradation under starvation is mainly mediated by proteasomes (Alemu et al., 2012) . Accordingly, our study has identified KLHL20-mediated ubiquitination as a major mechanism for autophagy-associated ULK1 degradation. Nevertheless, selective autophagy may act as a backup mechanism to degrade a small pool of ULK1 that is needed for a late step in the autophagy process, such as autophagosome maturation (Alemu et al., 2012) . We postulate that the combinatory actions of ubiquitin-proteasome system and selective autophagy may ensure an efficient degradation of activated ULK1. In such way, cells would have to activate a new pool of ULK1 for each run of autophagy, which could establish a dynamic mechanism to tightly connect autophagy activity with nutrient status of cells.
The mode of negative feedback regulation of autophagic proteins by KLHL20 is not confined to ULK1. In fact, VPS34 and Beclin-1 also undergo a KLHL20-dependent turnover under prolonged starvation. The degradation of VPS34 and Beclin-1 is dependent on the targeting of VPS34 complex to phagophores. Interestingly, KLHL20 is also present around phagophores and co-localizes partially with VPS34 complex component during prolonged starvation. We reason that this mechanism would restrict the action of KLHL20 to autophagy-pool VPS34 and Beclin-1, thus preventing nonspecific blockage of their other cellular functions, such as endosome trafficking and cytokinesis (Schink et al., 2013) . Besides these three direct substrates, KLHL20 also governs autophagy-stimulated degradation of ATG13 and ATG14 through an indirect mechanism. Their degradation is a consequence of KLHL20-mediated destruction of their partners, ULK1 and VPS34/Beclin-1, even though the precise mechanism requires further investigation. Interestingly, AMBRA1 also undergoes proteolysis in prolonged starvation. Since AMBAR1 autoubiquitination by complexing with Cul4/ DDB1 ubiquitin ligase is blocked by ULK1 (Antonioli et al., 2014) , we postulate that KLHL20-dependent ULK1 degradation may contribute to AMBRA1 ubiquitination and degradation. In summary, KLHL20 acts at the apex position to control a hierarchy of degradation events that ultimately lead to autophagy termination ( Figure 7K ). Since ULK1 autophosphorylation and VPS34 complex recruitment to phagophores are general phenomena in autophagy, KLHL20-mediated turnover of ULK1 and VPS34 complex components is likely a general mechanism for autophagy termination.
The identification of a role of KLHL20 in coordinating the feedback regulation of multiple autophagy factors offers a unique opportunity to explore the physiological and pathological importance of autophagy termination. At a cellular level, depletion of KLHL20 or replacement of WT ULK1 with a KLHL20-resistant mutant enhances cell death induced by prolonged starvation. Importantly, attenuation of autophagic degradation reverses the death-promoting effect of KLHL20 depletion. These findings support a detrimental effect of unrestrained autophagy on cell homeostasis and survival, which is consistent with recent reports (Antonioli et al., 2014; Fü llgrabe et al., 2013) . At an organism level, skeletal muscle-specific ablation of KLHL20 enhances experimental diabetes-associated muscle atrophy, which is reversed by blockage of autophagic degradation. Although we cannot completely rule out an involvement of autophagy-independent effect of KLHL20 in the muscle phenotype, our study supports that KLHL20-mediated autophagy termination acts as an adaptive mechanism to prevent excessive muscle loss under this disease state. Furthermore, these findings are consistent with a muscle-wasting effect induced by excessive autophagy, even though basal autophagy activity is needed to preserve muscle structure and function by removing damaged or dysfunctional cell components (Neel et al., 2013; Sandri et al., 2013) .
In summary, our study identifies the function of KLHL20 as a master regulator of autophagy termination by coordinating autophagy-dependent degradation of ULK1 and VPS34 complex components. This function of KLHL20 prevents excessive cellular degradation and is important to maintain cell survival and tissue homeostasis.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and Treatment HeLa, 293T, 293FT were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). ULK1 knockout and WT mouse embryonic fibroblasts (MEFs) were obtained from Sharon Tooze and cultured in DMEM low glucose supplemented with 10% FCS and 200 mM 2-mercaptoethanol. HeLa-LC3 cells were generated by transfecting HeLa cells with GFP-LC3, and stable transfectants expressing low levels of GFP-LC3 were isolated by a fluorescent cell sorter. Transfection of 293T and 293FT was performed by the calcium phosphate method, whereas transfection of HeLa was performed by Lipofectamine 2000 reagent.
Ubiquitination Assays
For in vitro ubiquitination, Flag-ULK1 was purified from baculovirus. Flag-Beclin-1, Flag-VPS34, Flag-ATG13, and Flag-ATG14 were purified from fed or starved 293T cells. Roc1-Cul3-KLHL20 complex was purified using anti-V5 agarose affinity gel (Sigma) from lysates of 293T cells transfected with V5-KLHL20, myc-Cul3, and Myc-Roc1. The E3 ligase complex bound on beads was incubated in 20 ml reaction mixture as described previously (Lee et al., 2010) . All in vitro ubiquitination-related reagents were purchased from R&D Systems.
For analyzing in vivo ubiquitination, 293T cells were transfected with various constructs and HA-ubiquitin or myc-ubiquitin and treated with MG132 for 16 hr or subjected to starvation for various time periods. Cells were lysed by RIPA lysis buffer, and lysates were used for immunoprecipitation with anti-Flag antibody followed by western blot with anti-HA or anti-K48-specific polyubiquitin antibody. 
Autophagy Assays
To induce autophagy, cells were incubated with EBSS (Sigma), referred to as starvation conditions, or were cultured in DMEM/F12 without amino acid (United States Biological) supplemented with 10% dialyzed FCS, referred to as amino acid-deprived conditions. During the induction period, cells were treated with or without 100 nM bafilomycin A1 (Sigma). At the end of incubation, cells were harvested for analyzing endogenous LC3-II or GFP-LC3-II by western blot. For visualizing GFP-LC3 puncta, cells were fixed in 4% formaldehyde for 30 min and examined using an epifluorescent microscope (BX51, Olympus) equipped with a 603 oil objective lens (UPlanFl, Olympus). Fluorescent images were captured with an Olympus DP72 digital camera.
Mice Treatments STZ (Calbiochem) was freshly prepared in citrate buffer (pH 4.5). Four-monthold male KLHL20 KO mice or control mice were injected intraperitoneally with STZ at a dose of 150 mg/kg or mock injected with citrate buffer on 2 consecutive days. Four days later, mice were sacrificed, and skeletal muscles were dissected for weight measurement, western blot analysis, and immunofluorescence staining. Chloroquine (Sigma) was diluted in saline and injected intraperitoneally once a day at a dose of 20 mg/kg. Chloroquine treatments were started at 1 day before STZ treatment for 5 days. All mice experiments were conducted with the approval from the Experimental Animal Committee, Academia Sinica. 
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